The structure and morphology of a precipitation product in an Al-10Mg-0.5Ag (mass%) alloy aged isothermally at 240 C have been characterised using transmission electron microscopy and microbeam electron diffraction. A metastable T phase (Mg 32 (Al, Ag) 49 , b.c.c., a ¼ 1:41 nm) which is identified by the electron microdiffraction patterns, has been found in the Al-10Mg-0.5Ag (mass%) alloy after solution treatment, water quenched and then aged for 2 h at 240 C. The orientation relationship between the T phase and matrix -Al phase was of the form ð010Þ T k ð11 1 1Þ and ½001 T k ½1 1 10 . Qualitative microanalysis suggested that the metastable crystalline T phase was a ternary compound that contained all three elements Al, Mg and Ag. The morphology of the metastable T phase is the h110i rod-like in shape and those precipitate particles are homogeneously nucleated, and finely and uniformly dispersed in the Al matrix. The icosahedral quasicrystalline phase was observed in the early stages of ageing (0.5 h at 240 C), and it was to be replaced by the metastable crystalline T phase Mg 32 (Al, Ag) 49 after the alloy is aged for 2 h at 240 C. The T phase formed as faceted rods parallel to h110i directions of the -Al matrix appeared to be the primary strengthening constitute exhibiting maximum hardness in the Al-10Mg-0.5Ag (mass%) alloy aged at 240 C.
Introduction
Trace additions of Ag are known to stimulate the precipitation behaviour in all Al alloys containing Mg, with an acceleration in the kinetics of the age-hardening response and an increase in the maximum hardness achievable. 1) Polmear and Sargant observed that the remarkably enhanced precipitation hardening responses in the Ag-containing AlMg alloys were due to the very finely-distributed precipitate particles promoted by small concentrations of Ag.
2) Wheeler et al. proposed 3) that peak hardness in the ternary Al-Mg-Ag alloy can be associated with fine scale precipitates of the T phase (Mg 32 (Al, Ag) 49 , b.c.c., a ¼ 1:416 nm), 4) rather than precipitation of the phase (Al 3 Mg 2 , f.c.c., a ¼ 2:824 nm). 5, 6) The aluminium-rich corner of the ternary Al-Mg-Ag phase diagram has been investigated principally using X-ray diffraction techniques, 7) and the potential precipitate phases, when the alloys are aged at 200 and 500 C, have been established. The phases detected and identified are as follows: the phase, 5, 6) T phase, 4) phase (MgAgAl, h.c.p., a ¼ 0:538 nm, c ¼ 0:874 nm), 0 phase (AgMg(Al), b.c.c., a ¼ 0:323 nm) and phase (Ag 2 Al, h.c.p., a ¼ 0:288 nm, c ¼ 0:458 nm). Of these five intermetallic phases, only the T phase 4) would be expected to form as the equilibrium phase in the range relevant to the present research.
However, the existence of a metastable intermediate T 0
phase has been reported in alloys of the Al-Mg-Ag system in studies using the single crystal X-ray diffraction technique.
8)
The T 0 phase has, for example, been observed as a metastable phase in an Al-5.7Mg-1.0Ag (at%) alloy aged for 50 h at 197 C. The structure of the metastable T 0 phase was reported to be hexagonal with lattice parameters of a ¼ 1:411 nm, c ¼ 2:804 nm, and the orientation relationship between the T 0 phase and the aluminium matrix was established to be of the form: ð0001Þ T 0 k ð111Þ and ð10 1 10Þ T 0 k ð11 2 2Þ . A more recent study, 9) using X-ray diffraction technique and single crystal alloy specimens, has also indicated the presence of the metastable T 0 phase in an alloy of composition Al-4.0Mg-2.1Ag (at%), which lies in the ( þ T) phase field of the equilibrium ternary phase diagram. 7) In this alloy, samples were aged for 2.8 h-11.5 d at 183 C and/or 3.7 d at 235 C. However, no direct microstructural observations by, for example, TEM were made. Prolonged ageing at temperatures approaching the equilibrium solvus, leads to the formation of the equilibrium T phase 4) in alloys of the appropriate composition. The existence of the equilibrium T phase 4) in aged Al-Mg-Ag alloys was initially proposed by Wheeler et al., 3) and confirmed by Williams, 7) Cousland and Tate, 9) and Auld 10) using X-ray diffraction techniques. Auld identified structure and lattice parameter of this phase, 4) and the orientation relationship between precipitates of the T phase and the aluminium matrix has been determined by X-ray diffraction techniques to be of the form: ð100Þ T k ð112Þ and ½001 T k ½1 1 10 .
10)
The equilibrium T phase was originally identified and thoroughly characterised in Al-Zn-Mg alloys using X-ray diffraction technique. The T phase (Mg 32 (Al, Zn) 49 , b.c.c., a ¼ 1:416 nm) is isomorphous with the compound both Mg 32 (Al, Ag) 49 in Al-Mg-Ag alloys and Mg 32 (Al, Cu) 49 in Al-Cu-Mg alloys. The crystal structure of the Mg 32 (Al, Zn) 49 compound was shown 4) to be based on a body-centred cubic lattice with 162 atoms. The reported stoichiometric compound Mg 32 (Al, Zn) 49 is considered to provide a classic example of a close-packed structure dominated by icosahedral co-ordination shells, 11) and it is thus a prototype of the so-call Frank-Kasper phases. It has been suggested 12) that such equilibrium phases, having a high proportion of icosahedrally co-ordinated atoms, can be rapidly solidified from the melt into solid-state quasicrystalline icosahedral phases.
All characterisation work has to date involved mainly indirect experimental methods, such as X-ray diffraction techniques. It thus remains that precipitate microstructures and precipitate phases in the ternary Al-Mg-Ag alloys during isothermal ageing are not thoroughly and convincingly understood. The purpose of this paper is to report results of a detailed microstructures examination of the metastable rod-like T precipitates phase transformed from the metastable quasicrystalline precipitate phase [13] [14] [15] [16] during conventionally isothermal ageing process in an Al-10Mg-0.5Ag (mass%) alloy. Characterisation of structure and morphology of the metastable rod-like T precipitates phase was carried out using transmission electron microscopy with electron diffraction techniques.
Experimental Procedures
An alloy of the nominal composition Al-10Mg-0.5Ag (mass%) and of mass approximately 400 g was prepared from Al (99.96%), Mg (99.9%) and Ag (99.9%) by induction heating under air atmosphere and casting into a mild steel mould with dimensions of 110 Â 60 Â 15. Mg was added just prior to pouring in the mould in order to prevent any loss by oxidation. After these ingots were homogenised for 52 h at 300 C, surfaces of the ingots was scalped each side. These ingots then were hot rolled to approximately 0.3 mm for TEM specimens. Solution treatment for ageing was carried out in a salt bath at 500 C for 1 h, followed by water quenching and ageing in an oil bath at 240 C. The specimens for TEM observations were punched mechanically from the strips of 0.3 mm in thickness after appropriate heat treatments, then dry grounding to a thickness of 0.1-0.15 mm. Thin foils were prepared by twin-jet electropolishing in a solution of 33 vol% nitric acid and 67 vol% ethanol at temperature range between 0 C and À10 C, using a Tenupol-3 jet polisher operating at 0.2 A and 12 V. Microstructures were observed by a Philip CM20 transmission electron microscope (TEM) at 200 kV, equipped with facility of a LINK model energy dispersive X-ray spectrometer (EDXS). Microbeam electron diffraction patterns were recorded by conventional TEM mode using a 30 mm condenser lens aperture and an electron probe of 40-100 nm.
Experimental Results
General bright field TEM micrographs of the ternary Al10Mg-0.5Ag (mass%) alloy aged for 2 h at 240 C are shown in Fig. 1 . The electron beam was approximately parallel to the (a); (d) h001i , (b) h110i and (c) h112i zone axes. The microstructure contained a uniform, fine-scale dispersion of precipitate particles, but the form and crystallography of the particles had changed significantly compared to that of the as-quenched 17) and the early stages of ageing. [13] [14] [15] [16] The majority of precipitate particles now had a rod-like form (typical $200 nm) with typical directions of the h110i , and were uniformly distributed throughout the aluminium matrix. Those were two distinguishable orthogonal sets of these elongated rod-like precipitate particles, as can be seen in Fig. 1(a) . One set had traces parallel to the h110i directions, and the other set had the particles elongated parallel to the h100i directions. Such a distribution is consistent with a single array of rod-like forms with rod axes parallel to the h110i direction. Those particles with h110i traces are normal to the electron beam (B ¼ h001i ), while those generally shorter particles with h100i traces are inclined at 45 to the electron beam direction. A small number of square- shaped precipitate particles was also observed, and these could be identified as either end-on particles of the rod-like form or the faceted quasicrystalline particles [13] [14] [15] [16] which were observed in the early stages of the decomposition process during the isothermal ageing treatment. A higher magnification image, such as shown in Fig. 1(d) and the BF images of Figs. 1(a)-(c), revealed that these precipitate particles had formed and developed as near-continuous networks. Selected area electron diffraction (SAED) patterns (Fig. 1 ) from regions containing these particles exhibited a systematic array of diffraction spots, in similar patterns to those from the icosahedral quasicrystalline phase. [13] [14] [15] [16] This implies that the SAED patterns may arise from the combination of at least two types of precipitate phases, such as the rod-like and icosahedral quasicrystalline particles.
Figures 2(a)-(c) present the microbeam electron diffraction (MBED) patterns recorded from the single rod-like precipitate particles, along with the corresponding computersimulated patterns, for specimens of the ternary Al-10Mg-0.5Ag (mass%)
4) The atomic positions for the T phase to generate the computer-simulated patterns were obtained from International Tables for Crystallography, 18) and the computersimulated patterns were good agreement with the observed MBED patterns.
These electron diffraction patterns imply a single discrete orientation relationship between the T phase and -aluminium matrix, which is of the form: ð010Þ T k ð11 1 1Þ and ½001 T k ½1
1 10 . Figure 3 shows the orientation relationship represented in stereographic projection.
While the dominant phase in this microstructure has been confirmed to be the T phase by electron diffraction, the microstructure also contained a relatively small volume fraction of faceted equiaxed precipitate particles, as shown in Fig. 1 . The microbeam electron diffraction patterns recorded from these precipitate particles have been identified as arising from the icosahedral quasicrystalline phase, [13] [14] [15] [16] as shown in Fig. 4(a) . This pattern from the icosahedral quasicrystalline particle is compared with the electron microdiffraction pattern recorded from a rod-like particle of the T phase, Fig. 4(b) . In both Figs. 4(a) and (b), the electron beam is approximately parallel to the ½112 orientation. Although these two electron microdiffraction patterns are clearly distinguishable from each other in this orientation, they share some common diffracted spots (arrow), suggesting the possibility of a structural relationship between the icosahedral quasicrystalline and crystalline T phases. Fig. 4 Electron microdiffraction patterns comparing distinguishable patterns from (a) a faceted, equiaxed particle and (b) a rod-like particle, in the specimen aged for 2 h at 240 C. The electron beam is parallel to ½112 in both cases. Microanalysis using energy dispersive X-ray spectroscopy (EDXS) was performed in an attempt to assess the composition of a rod-like particle of the crystalline T phase. A typical energy dispersive X-ray spectrum recorded from a single rod-like particle is presented in Fig. 5 . The spectrum reveals a substantial Mg concentration with a small, but still readily detectable concentration of Ag associated with the T phase precipitate. Qualitative microanalysis thus suggests that the rod-like crystalline T phase particle is a ternary compound that contains all three elements Al, Mg and Ag.
In addition to the mentioned above forms of the precipitate particles, a small number density of elongated particles with a rectangular profile were observed in the Al-10Mg-0.5Ag (mass%) alloy aged for 2 h at 240 C. Figure 6 (a) presents a bright-field TEM micrograph which was recorded with the electron beam approximately parallel to the h001i direction. The main precipitate has dimensions of $150 Â 100 nm, which is relatively small compared to the h110i rod-like precipitates. The traces of the faces of this particle in this orientation are parallel to those of the f110g and f1 1 10g planes. Microbeam electron diffraction patterns were recorded from a single particle of this form with the incident beam exactly parallel to low index zone axes of the aluminium matrix, and these patterns are shown in Figs phase, which was measured from the electron microdiffraction patterns shown in Fig. 6 , was a ¼ 1:41 nm, which again corresponds to the T phase. 4) These patterns imply a cube on cube orientation relationship between the rectangular plateshaped particles of the precipitate T phase and -Al matrix, i.e. a relationship of the form: ð100Þ T k ð100Þ and ½001 T k ½001 .
Discussion
A variety of explanations for the enhanced age-hardening response has emerged from studies on the effects of microalloying additions of Ag in Al-Mg alloys using X-ray diffraction techniques. It was first suggested that the effect of Ag was to accelerate the nucleation rate and refine significantly the distribution of the existing 0 or 5, 6) precipitates in binary Al-Mg alloys, and that this refinement of the precipitate distribution was the source of the increase in observed hardness.
2) However, it was subsequently proposed 3) that peak hardness in the ternary Al-Mg-Ag alloy could be associated with fine-scale precipitates of the T phase, 4) rather than precipitation of the equilibrium phase. 5, 6) The Al-Mg alloys with trace additions of Ag were thus to be regarded as ternary precipitation hardening alloys. Later work seemed to confirm the proposal that the agehardening response in Al-Mg-Ag alloys was associated with the equilibrium T phase 4) at maximum hardness, although maximum hardness was attributed to a metastable T 0 phase in some X-ray diffraction studies, 8, 9) and the equilibrium T phase was suggested to form after longer term ageing. 9) In the present research, a metastable T 0 phase (h.c.p., a ¼ 1:411 nm, c ¼ 2:804 nm) 8, 9) was not observed in the ternary Al-10Mg-0.5Ag (mass%) alloy aged for 2 h at 240 C which is corresponding to the maximum hardness condition. 17) The precipitate phases in an Al-5Mg-0.5Ag (mass%) alloy aged at 200 C have previously been examined using the bulk X-ray diffraction technique. 10) In this earlier work, the T phase was identified as the major strengthening constituent present at peak hardness and assumed to be the equilibrium phase. The orientation relationship proposed between the T and matrix -Al phases was of the form: ð100Þ T k ð112Þ and ½001 T k ½1 1 10 . This orientation relationship is compatible with the results obtained from the current experiments in the Al-10Mg-0.5Ag (mass%) alloy aged for 2 h at 240 C as shown in Figs. 2 and 3 , such as ð010Þ T k ð11 1 1Þ and ½001 T k ½1 1 10 . In the present work, two different forms of the metastable T phase have been identified in the Al-10Mg-0.5Ag (mass%) alloy aged for 2 h at 240 C, each with a different orientation relationship with the -Al matrix. The predominant morphology of precipitate T particles in the aged Al10Mg-0.5Ag (mass%) alloy was that of fine-scale, uniformly dispersed rod-like shapes, while the number density of newly-discovered rectangular plate-shaped T phase particles was significantly lower. The reason why they have different morphologies of the T phase is still remain unclear, and the different popularity of the T particles is also could not fully explained in this research. However, the rod-like particles may have low mismatch at the interface between the T and matrix -Al phases rather than that of rectangular-shaped particles.
The form of intermediate strengthening precipitate phases in precipitation hardened alloys is an important consideration because it has been demonstrated that the shape and orientation of the strengthening particles are important factors in determining the strength increment that arises from such particles. 19) In the present case, the morphology of the h110i rod-like precipitates of the T phase could be accounted for successfully using the symmetry analysis reviewed by Cahn and Kalonji. 20) According to this analysis, the precipitate shape is determined by the intersection point group defined by symmetry elements common to the precipitate and the matrix structure in the observed orientation relationship. For the precipitate T phase, formed as rods of square section parallel to the h110i , the orientation relationship was such that; ð010Þ T k ð11 1 1Þ and ½001 T k ½1 1 10 . As shown in Fig. 3 , the stereographic projection clearly indicates that the four-fold axis ½100 T is parallel to the two-fold axis ½110 , and the intersection point group is thus defined as 2/m, with the common two-fold axis parallel to the rod axis. Special crystal forms compatible with point group 2/m include pinacoids both parallel and normal to the two-fold axis, and the observed shape is consistent with a form bound by such pairs of parallel surfaces. Since the point group of the f.c.c. aluminium matrix phase, m 3 3m, is of order 48 and the intersection point group is of order 4, the index of the intersection point group with respect to the point group of the matrix phase is 12 (48/4). Symmetry thus permits twelve crystallographic variants of the precipitate phase in a given matrix grain, which is entirely consistent with rod-like forms growing parallel to the h110i axes.
The present observations confirm that microalloying additions of Ag to the alloy of Al-10 mass%Mg system promote a change in the identity of the primary strengthening precipitate phase. This phase may lead to significantly improve mechanical properties. 17) It is clear the presence of Ag stabilises both quasicrystalline and crystalline forms of the T phase in sequence during isothermal decomposition of supersaturated Al-10Mg-0.5Ag (mass%) solid solution. However, the precise role of Ag in facilitating the precipitation of the T phase remains to be understood. 
Conclusions
Rod-like precipitate particles with a rod axes parallel to h110i directions were the predominant dispersed phase in the ternary Al-10Mg-0.5Ag (mass%) alloy aged for 2 h at 240 C, and were thus associated with the maximum hardness condition. 17) Microbeam electron diffraction patterns recorded from the h110i rod-like precipitate particle could be indexed for the body-centred cubic structure of the T phase Mg 32 (Al, Ag) 49 with the lattice parameter of a ¼ 1:41 nm. The orientation relationship between the T phase and matrix -Al phase was of the form ð010Þ T k ð11 1 1Þ and ½001 T k ½1 1 10 . Qualitative microanalysis suggested that the metastable crystalline T phase was a ternary compound that contained all three elements Al, Mg and Ag. The icosahedral quasicrystalline phase [13] [14] [15] [16] was observed to be replaced by the metastable crystalline T phase after the alloy was isothermally aged for 2 h at 240 C.
